INTRODUCTION
Magnetic heterostructured nanocomposites have been intensively explored in varied areas such as advanced motors, biomedicine and magnetic data storage [1] [2] [3] , and researchers paid more attention to combine the advantages of several different components to synthesize such materials [4, 5] . From the perspective of functionalization, the construction of heterostructured nanocomposites enhances the performed functionalities due to the contribution of the individual component and synergic effects, which favors the exploitation of novel platforms beyond each ingredient [6] . Regarding to the synthesis strategies, physical vapor deposition [7] , chemical vapor deposition [8] , self-assembly [9] , solvothermal route [10, 11] and electrochemical deposition [12] are widely developed to synthesize the heterostructured nanocomposites. Among all of these strategies, the solution chemistry synthesis is prominent in controlling the size, composition and morphology of the target materials, thus becoming a general method to prepare these materials. In the last few years, a variety of inorganic heterostructured nanocomposites have been synthesized by the solution chemistry route [13, 14] , such as FePt-Co (or Ni, Fe 2 C, Au) nanoparticles [15, 16] , FePd-Fe 3 O 4 urchin-like nanocomposites [17] , Au/Ag-Fe 3 O 4 dumbbell-like nanostructures [18] , and metal-tipped semiconductor nanorods (NRs) [19, 20] , providing a new approach to develop diverse heterostructured nanocomposites with high performance as well as novel applications. More importantly, the one-dimensional (1D) heterostructures which contain a nanorod base decorated with a functional layer, cause great concern of the researchers [21, 22] , and these materials are ready for manufactured devices and ideal building blocks in varied applications [23] [24] [25] [26] .
Ferromagnetic Co NRs with their long axis parallel to the hexagonal closed-packed (hcp) c axis exhibit excellent shape and magneto-crystalline anisotropy, and they also possess quite high coercivity (H c ) and saturation magnetization (M s ) values [27] . Owing to their distinct mechanical, electronic and magnetic properties [28, 29] , the Co NRs have great potential applications in the fields of high-density data storage devices [30] and permanent magnetic materials [31] [35] and so on. In addition, the hcp Co NRs have been used for fabricating multiple heterostructures based on their high magnetic anisotropy and high saturation magnetization values, such as Co-CoSb core-shell NRs [36] , Co-SnAu/SnPt core-shell NRs [37] , Co-Au hybrid NRs [38] and Co-Fe nanodumbbells [39] . However, there are several remaining challenges in the synthesis of the Co NRs based heterostructured nanocomposites with desired component and morphology. For the sake of the high coercivity in these materials, the morphology of the Co NRs should not be altered by the introduction of the other component. Meanwhile, the ratio of the Co NRs to the other material must be modulated elaborately and the key point is to control the heterogrowth of the second component on the Co NRs. Besides, whether the second part can grow epitaxially on the surface of the Co NRs depends on the lattice mismatch between the Co NRs and alternative second ingredient.
Herein, we synthesized the one-dimensional (1D) CoFe 3 O 4 heterostructures by growing Fe 3 O 4 nanoparticles (NPs) on the surface of the pre-prepared Co NRs without altering the hcp structure of the Co NRs. From the characterization results, it can be concluded that the higher temperature process enables the epitaxial growth of the Fe 3 O 4 NPs on the surface of the Co NRs and the ratio of Fe/Co can be tuned by controlling the concentration of Fe(CO) 5 in the liquid phase reaction system. Besides, the magnetic characterization demonstrates that the as-synthesized Co-Fe 3 O 4 heterostructures maintain hard magnetic properties, indicating the preservation of the anisotropy of the hcp Co NRs. Moreover, the facile chemical method reported in our study can be extended to prepare other heterostructured nanocomposites.
EXPERIMENTAL SECTION

Chemicals
All the raw chemicals were used without additional purification. Cobalt (II) chloride hexahydrate (CoCl 2 ·6H 2 O, 99.9%), 1-octadecene (ODE, tech. 90%) and 1-hexadecylamine (HAD, tech. 90%, remainder mainly 1-octadecylamine) were purchased from Alfa Aesar. Ruthenium chloride (RuCl 3 , Aldrich, 45%-55% Ru content), oleylamine (OAm, tech. 70 %), oleic acid (OA, 99%) and lauric acid (C 11 H 23 COOH, 98%) were bought from Sigma Aldrich. NH 4 Br (99%) was purchased from J&K Chemicals. Sodium hydroxide (NaOH, AR) was bought from Xilong Chemical Co., Ltd, Guangdong, China. 1,2-Butanediol (98%) was purchased from Tokyo Chemical Industry Co. Ltd and iron pentacarbonyl (Fe(CO) 5 ) was got from Tianyi Co. Ltd, Jiangsu, China.
Synthesis of Co NRs
The starting Co NRs were synthesized by the solvothermal process according to a previous method [27] . Firstly, cobalt (II) laurate (Co(C 11 H 23 COO) 2 ) was prepared by mixing 44.0 mmol of lauric acid and 42.0 mmol of NaOH with 40 mL of deionized water using a mechanical stirrer. The mixture was heated to 60°C until a clear solution was obtained and then 10 mL of an aqueous solution of 2 mol L −1 CoCl 2 ·6H 2 O was added dropwise to the clear solution. Finally, the obtained purple precipitate was washed with deionized water for several times and dried overnight at 60°C to remove the excess water.
The Co NRs were synthesized by the reduction of cobalt (II) laurate in a basic solution of 1,2-butanediol. Firstly, cobalt (II) laurate (2.29 g), RuCl 3 (0.026 g), HAD (0.644 g), NaOH (48.0 mg) and 60 mL of 1,2-butanediol were introduced into a teflon enclosure (100 mL). Afterwards, the teflon enclosure was purged with inert gas (N 2 ) for 30 min before sealed, and then fitted within an autoclave reactor. Subsequently, the autoclave reactor was transferred to a furnace and heated from room temperature to 200°C and maintained at that temperature for 90 min. After cooled down to room temperature, the products were collected by centrifugation and redispersed in hexane (10 mL).
Synthesis of Co-Fe 3 O 4 heterostructures
The Co-Fe 3 O 4 heterostructures were synthesized by adding iron precursor (Fe(CO) 5 ) to the solution of the preprepared Co NRs [40] . In a typical process, 1.0 mmol of Co NRs in ODE (20 mL), OAm (2.0 mL), OA (0.5 mL) and 3.5 mg of NH 4 Br were mixed in a four-neck flask and degassed under forming gas (Ar 95%+H 2 5%) at 120°C for at least 30 min. After that, the temperature was increased to 180°C and a certain amount of Fe(CO) 5 was injected rapidly into the mixed solution, and then kept at 180°C for additional 30 min. Afterwards, the temperature was increased to 250°C at a rate of 5°C min −1 and kept at that temperature for another 15 min. The products were purified by precipitation in ethanol, followed by redispersing in hexane and precipitating out by adding ethanol for several times. Finally, the purified products were redispersed in hexane (10 mL). Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . In all experiments, the concentration of the Co NRs, solvent and surfactants kept constant, and the reaction condition was not changed. Three targeted samples with different Fe/Co compositions were synthesized by varying the concentration of Fe(CO) 5 . To get the targeted sample, 20, 50 and 80 μL of Fe(CO) 5 was added to the reaction system contained 1.0 mmol of Co NRs, respectively, and the obtained samples were consequently named as Co- 
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Characterizations
The morphological characterization of the products was carried out by a FEI Tecnai T20 transmission electron microscope (TEM) at 200 kV, and the high resolution TEM (HRTEM) images and EDS chemical mapping were obtained on a Tecnai-G2-F30 (FEI) transmission electron microscope at an acceleration voltage of 300 kV. Samples for TEM analyses were prepared by drying the dispersion of the samples on amorphous carbon coated Cu grids. Scanning electron microscopy (SEM) characterization was done using a Hitachi S-4800. X-ray diffraction (XRD) patterns were obtained by using a PANalytical X'Pert 3 Powder X-ray diffractometer equipped with Cu-Kα radiation, with the accelerating voltage and current of 40 kV and 40 mA, respectively and the XRD patterns were performed in the 2θ range of 25-85°. X-ray photoelectron spectroscopy (XPS) patterns were collected on Imaging Photoelectron Spectrometer (Axis Ultra DLD, Kratos Analytical Ltd.) by using monochromatized Al Kα anode (hv=1,486.7 eV), and the pressures in the analysis chamber was 10 −8 -10 −9 torr. The magnetic properties of the powders of randomly oriented Co NRs and Co-Fe 3 O 4 heterostructures were investigated up to 3T via a Physical Property Measurement System (DynaCool, Quantum Design) at room temperature. All of the samples were purified and sealed in plastic capsules before characterization and the absolute magnetization value was deduced from the content of Co, or Co and Fe 3 O 4 determined by inductively coupled plasma atomic emission spectroscopy (ICP-AES).
RESULTS AND DISCUSSION
By using a facile solvothermal chemical process, we prepared well-distributed hcp Co NRs. SEM and TEM images (Fig. 1a, b) show that the obtained Co NRs possess cylinder shapes with ellipsoidal tips and disperse homogeneously. More SEM images of the Co NRs are shown in Fig. S1a, b , and the statistical data in Fig. S1e reveal that the Co NRs have a mean size of 150-200 nm in length and an average diameter of about 15 nm. In addition, the insert HRTEM image in Fig. 1b displays a lattice fringe of 0.204 nm, corresponding to hcp Co (002) facet [27] , and the crystal structure of the as-synthesized Co NRs is also confirmed by XRD patterns (Fig. S2) .
TEM image in Fig. 1c shows that the thermal decomposition of Fe(CO) 5 produced Fe 3 O 4 NPs decorating on the surface of the Co NRs, forming the Co-Fe 3 O 4 heterostructures. Fig. 1d is the HRTEM image representing one typical part of the Co-Fe 3 O 4 heterostructure, which indicates the presence of a structure with nanoparticles surrounding the nanorod and it could be clearly seen that the Fe 3 O 4 NPs decorate the tips and the whole body of the hcp Co NRs. Furthermore, the lattice fringes are exposed in both regions, and the fringes of 0.204 and 0.251 nm are ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1616 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . observed in the inside nanorod and outer nanoparticle, corresponding to the lattice spacing of the Co (002) facet [27] and the Fe 3 O 4 (311) facet [40] , separately. Besides, it is worth noting that there is a transition layer between the nanorod and the nanoparticle structure, and the fringe of the layer is 0.245 nm, which is in accordance with the lattice spacing of (111) facet for CoO [41, 42] , suggesting that the fresh surface of the Co NRs is prone to be oxidized during the reaction firstly and then the Fe 3 O 4 NPs will grow on the Co NRs. The SEM image in Fig. 1e shows the morphology of the Co-Fe 3 O 4 heterostructures with uniform size and more SEM and TEM images are shown in Fig. S3 . In order to detect the elements distribution within the heterostructures, EDS chemical mapping was performed, as presented in Fig. 1f-i , which clearly display that the Co content is located in the centre of the heterostructure and the Fe and O contents are located in the outer space.
The crystal structure of the sample is confirmed by XRD analysis (Fig. 2a) , typical peaks of the Co and Fe 3 O 4 can be observed, confirming the components of Co and Fe 3 O 4 in the heterostructures. As a surface analysis technique, XPS was used to investigate the elements present at the surface as well as their chemical states. In our research, the XPS analysis was calibrated by the adventitious C 1s peak with a fixed value of 284.8 eV. Fig. 2b shows the overall survey spectrum of the as-synthesized Co-Fe 3 O 4 heterostructures with scan binding energy (BE) from 0 to 1,100 eV, which reveals the presence of the Fe 2p, Co 2p, C 1s and O 1s peaks at their respective binding energy regions. The peak positions which locate at 710.6 and 724.1 eV are for Fe 2p 3/2 and Fe2p 1/2 of Fe 3 O 4 , as shown in Fig. 2c , confirming the existence of Fe 3 O 4 in the heterostructures [43] . In order to detect the existence of cobalt oxide in the samples, we have analysed the Co 2p regions. As shown in Fig. 2d , the characteristic peaks at about 778.5 and 793.4 eV, correspond to metallic Co 2p 3/2 and Co 2p 1/2 , separately [44, 45] , which confirms the metallic Co in the heterostructures. In addition, the BE values of 780.5 and 796.5 eV correspond to the Co 2p 3/2 and Co 2p 1/2 for monoxide, respectively [42, 46] , and the apparent satellites clearly indicate the existence of Co (II) [47] [48] [49] , further confirming the existence of cobalt oxide in the Co-Fe 3 O 4 heterostructures. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
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The formation mechanism of Co-Fe 3 O 4 heterostructures
To investigate the formation mechanism of the Co-Fe 3 O 4 heterostructures, we characterized the products in multistage reaction process by TEM. At the first stage, when an appropriate amount of Fe(CO) 5 was added into the reaction system at 180°C, there was no obvious change for the Co NRs, as shown in Fig. 3a, b . According to the classic theory of crystal growth, the materials tend to nucleate individually due to the supersaturation under the thermodynamic environment. This temperature enables the thermal decomposition and nucleation of Fe precursor, but there are no particles decorated on the surface of the Co NRs directly, due to the large mismatch of the lattice constant between the two ingredients. When the temperature just increases to 250°C, there is still no apparent change for the Co NRs (Fig. 3c) . However, further extending the reaction time, it can be found that the particles are inclined to gather along the Co NRs, as seen in Fig. 3d , and the higher temperature leads to the growth of Fe 3 O 4 NPs on the surface of the Co NRs (Fig. 3e, f) . The reason is that the crystal nuclei of Fe 3 O 4 tend to grow on the surface of the defected Co NRs during the continuous growth with much less energy barriers. The XRD patterns of these products are shown in Fig. S4a . In order to clearly investigate what might happen to the Co NRs during the reaction, we synthesized the sample without adding Fe source under the same condition. Fig. 3g, h show the TEM and HRTEM images of this sample, where the fringes of 0.204 and 0.245 nm in the nanorod and outer layer correspond to the Co (002) facet [27] and CoO (111) facet [41, 42] , respectively. Thus, there is actually a layer of cobalt oxide whose thickness is 1-2 nm on the surface of the Co nanorod and it can be concluded that the high temperature process at 250°C may contribute to the oxidization of the surface of the Co NRs so that the Fe 3 O 4 NPs can coat on the surface of Co NRs. The above results indicate that the growth of the CoFe 3 O 4 heterostructures experiences a process including (Scheme 1): firstly, the thermal decomposition of Fe(CO) 5 and the oxidization of the surface of the Co NRs, and subsequently, the decoration of Fe 3 O 4 NPs on the surface of the Co NRs. This may be due to the fact that the mismatch value between the crystal lattice of Co and Fe 3 O 4 is much larger, so it is difficult for Fe 3 O 4 NPs to decorate on the surface of the Co NRs directly. Therefore, in the first stage, the surface of the Co NRs is oxidized and a layer of cobalt oxide is formed. Since the mismatch value between the cobalt oxide and Fe 3 O 4 allows the epitaxial growth of Fe 3 O 4 NPs, the Fe 3 O 4 NPs can grow and crystallize on the surface of the Co NRs. Based on this, it is assumed that because of the existence of cobalt oxide layer outside the Co NRs, the Fe 3 O 4 NPs can decorate onto them.
According to the above results, we can deduce the reason why the layer of cobalt oxide generates on the surface of the Co NRs, and a possible explanation is that ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1618 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . in the reaction system of ODE, OA and OAm, the surface of the as-prepared Co NRs can be oxidized very easily. By altering the surfactants in the reaction system, it is revealed that OA plays an important role in the formation process of the Co-Fe 3 O 4 heterostructures (Fig. S5) , which may be due to the oxidation effect of OA on the surface of the Co NRs, thus the surface of the Co NRs can be oxidized and then the Fe 3 O 4 NPs could decorate onto them. . . . . . . . . . . . . . . . . . . . . . . . . . . . Fig. S6 shows the M-H loop for the Co-Fe 3 O 4 -20 at 4 K and its zero-field-cooling (ZFC) and field-cooling (FC) curves. There is an apparent kink in the M-H loop at 4 K where the magnetic field is near zero, indicating the two phases in the Co-Fe 3 O 4 heterostructures (Fig. S6a) . Typical ferromagnetic behavior is observed for the sample from the FC-ZFC curves, with no typical blocking temperature of T b due to the presence of ferromagnetic Co NRs (Fig. S6b) .
The effect of the Fe/Co ratio
CONCLUSIONS
In this work, we investigated the chemical synthesis, structure and magnetic properties of the Co- . The chemical synthesis strategy reported in our work can be applied to the synthesis of other nanocomposites.
